INTRODUCTION
Biofilms are highly resistant to antibiotics and host immune defenses because of their structural and phenotypic characteristics (Høiby et al., 2010; Borlee et al., 2010) . Extracellular polymeric substance (EPS) plays pivotal roles in the structural organization of biofilms (Flemming et al., 2016; Gunn et al., 2016) . In addition to reinforcing the physical strength of biofilm (Borlee et al., 2010) , EPSs also promote microbial interaction and communication (Flemming and Wingender, 2010; Flemming, 2016) , enhance horizontal gene transfer (Savage et al., 2013; Merod and Wuertz, 2014) , trap nutrients, and even provide nutrients to the persistent bacteria during starvation (Mulcahy et al., 2010) . The clinical rugose small colony variant (RSCV) of Pseudomonas aeruginosa is hyperactive in biofilm formation during chronic infection (Pestrak et al., 2018; Hauser et al., 2011; Wei et al., 2011) . Under laboratory conditions, emergence of some RSCVs relies on loss-of-function mutations in the methylesterase-encoding gene wspF (Pu et al., 2018) . Such mutations in RSCV result in constitutive overexpression of both Pel and Psl exopolysaccharides (Jennings et al., 2015) . RSCVs are difficult to eradicate and are responsible for recurrent or chronic infections (Neut et al., 2007) . In biofilms, RSCVs are deeply embedded in self-produced hydrated EPSs (Costerton et al., 1999) . The Psl and Pel exopolysaccharides, together with extracellular DNA (eDNA), serve as structural components of the biofilm matrix (Jennings et al., 2015) .
The structural characteristics of bacterial biofilm contribute to their pathogenicity (O'Connell et al., 2006) . Diversity in the structural elements of bacterial biofilm has been of interest (Donlan, 2002) . Insight into biofilm ultrastructure is likely to unveil novel therapeutic strategies for eradicating persistent infection. In this work we sought to investigate the ultrastructure of the hyperbiofilm-producing P. aeruginosa RSCV strain PAO1DwspF with reference to its isogenic strain PAO1. Both strains are of direct clinical relevance (Goltermann and Tolker-Nielsen, 2017) .
P. aeruginosa RSCVs cause persistent infection, because they are recalcitrant to antibiotics and host immune cells (Proctor et al., 2006; Evans, 2015; Pestrak et al., 2018; Wozniak and Parsek, 2014) . Scanning transmission electron microscopy (STEM) tomography is powerful in unveiling the structural characteristics with nanometer-scale spatial resolution (Aoyama et al., 2009; Sousa and Leapman, 2012) . Insight gained from Biofilms (A) STEM images of the in vitro PAO1 biofilm and PAO1DwspF biofilm showed a distinct spatial distribution of two bacterial phenotypes named as bacteria white and bacteria gray . Unlike that in PAO1 biofilm where the bacteria white and bacteria gray were homogenously distributed throughout the biofilm, bacteria white and bacteria gray are segregated in the PAO1DwspF biofilm. Bacteria white was observed from lower-middle to apical area, and bacteria gray was observed from basal to lower-middle area. The pseudo-colored rendering derived from 3D STEM tomographic structure of the PAO1 biofilm and PAO1DwspF biofilm. Scale bar, 1 mm. (B) STEM images showed the successful separation of bacteria white and bacteria gray in PAO1 biofilm and PAO1DwspF biofilm. The bac light fraction and bac heavy fraction were obtained from the density gradient centrifugation of biofilm following DNaseI treatment. Scale bar, 1 mm.
STEM imaging and tomography has led to novel mechanistic hypothesis. It was thus gleaned that inhibition of EPS protein-eDNA interaction is a specifically effective strategy to dismantling biofilms formed by RSCVs.
RESULTS

Distinct Bacterial Phenotype Distribution in PAO1 and PAO1DwspF Biofilm
This work provides insights into the 3D-reconstructed ultrastructure of bacterial biofilm using STEM tomography. STEM imaging and tomography offer the opportunity to investigate the ultrastructure of aggregated macromolecular complexes in the EPS with nanometer-scale spatial resolution. In STEM, a focused electron beam (<1 nm diameter) scans across the specimen and the transmitted signal is collected pixel by pixel. Images collected as a function of sample rotation angle (with respect to the electron beam direction) enable 3D reconstruction (Aoyama et al., 2009; Sousa and Leapman, 2012) . In STEM images of non-crystalline materials recorded using a high-angle angular dark field (HAADF) detector, such as the biofilm specimens (Figures 1A and 1B) , mass thickness is the dominant contrast mechanism. A region that has higher mass density or is thicker will scatter more electrons. Consequently, the HAADF-STEM signal will be more intense, and the region will exhibit ''white'' contrast. Unlike conventional confocal microscopy (Figure S1A) , STEM imaging of PAO1 and PAO1DwspF biofilms revealed two distinct subpopulations that were uniquely organized in the hyperbiofilm strain (PAO1DwspF) compared with that in the wild-type (PAO1) variety (Figures 1A and S1B, Video S1). Two distinct subpopulations, ''white'' and ''grey'' contrast, were noted in the STEM-HAADF images ( Figure 1A ). Henceforth, in this report, these subpopulations are referred to as bacteria white and bacteria gray , respectively. In the PAO1 biofilm, bacteria white and bacteria gray were homogenously distributed throughout the biofilm ( Figure 1A ). In contrast, the PAO1DwspF biofilm showed a segregated spatial distribution such that bacteria white were found at the apical and bacteria gray at the basal regions of the biofilm ( Figure 1A ). Thus, bacteria white were localized toward the air interface, whereas bacteria gray were more proximal to the nutrient-supplying basal interface. As the microtomed specimens have negligible variations in thickness, the effect of thickness on the scale of contrast variations can be discounted. Thus the differences between bacteria white and bacteria gray are attributed to their massdensity difference. On the basis of these observations, a density gradient centrifugation approach was developed to separate the two different subpopulations of bacteria: bacteria white and bacteria gray (Figure S2) . The pellet obtained after density gradient centrifugation was designated as bac heavy and the supernatant as bac light (Figures 1B and S2) . STEM-HAADF images showed that the bac heavy fraction (Figure 1B) was predominantly comprised of bacteria white . The bac light fraction was predominantly bacteria gray ( Figure 1B ). PAO1DwspF biofilm bacteria were in strict adherence to these rules validating our notion that the bacteria white have higher mass density than the bacteria gray . The separation of bacteria white and bacteria gray from PAO1 biofilm cells after density gradient centrifugation was not as efficient as that in the PAO1DwspF biofilm cells. Although the predominance of bacteria white was indeed more in the bac heavy fraction of PAO1 biofilm, some were present in the bac light fraction as well ( Figure 1B ).
In our effort to investigate functional contrasts between bac light and the bac heavy , cellular respiration was studied using a real-time prokaryotic respiration assay (SeaHorse XFe extracellular flux analyzer) (Lobritz et al., 2015) . Compared with bac heavy , bac light showed elevated oxygen consumption indicative of higher aerobic metabolism of biofilm bacteria localized toward the nutrient interface. Respiration of bac heavy was detected, compared with heat-killed bacteria, indicating that bac heavy were metabolically less active, but not dead ( Figure 1C ).
In another experimental system studying intact biofilm, the DNA-intercalating dye propidium iodide (PI) stained abundantly toward the air interface in PAO1DwspF biofilms ( Figure 1D ). Taken together, PI stain as well as cellular respiration leads to the conclusion that bacteria white have reduced metabolic capacity but have much higher abundance of eDNA in their EPS microenvironment. Thus, this work draws a direct connection between the structural elements and functional properties of bacterial subpopulations within the same biofilm. Importantly, in the hyperbiofilm RSCV, the basal subpopulation proximal to the nutrient interface was metabolically hyperactive compared with the same subpopulation in the wild-type strain ( Figure 1C ). Such observation may be explained by the finding that in PAO1, the basal hypermetabolic bacteria gray population is somewhat diluted by the presence of few hypometabolic bacteria white cells. However, in PAO1DwspF biofilm, the basal subpopulation consists of a homogeneous population of hypermetabolic bacteria gray cells.
PAO1DwspF Release Segmented eDNA in Biofilm
In PAO1, lysis of a subpopulation of bacteria contributes to the eDNA pool, which in turn facilitates the selforganization of biofilm structures (Whitchurch et al., 2002; Turnbull et al., 2016) . In our experimental system investigating PAO1, consistent findings were noted. Lysed PAO1 indeed contributed to eDNA as observed from live cell imaging with cell-impermeant DNA-binding dye TOTO-1 that specifically stains eDNA (Figure 2A, Video S2) . STEM imaging revealed the products of bacterial lysis within the PAO1 biofilm ( Figure 2B top left). In PAO1DwspF biofilm, however, remnants of lysed bacteria were rarely evident ( Figure 2B bottom left). Further investigation into the source of eDNA in EPS of PAO1DwspF revealed extrusion of DNA from live cells into the extracellular compartment ( Figure 2A and Video S3). Such process was not associated with bacterial lysis as reported for PAO1 ( Figure 2A ). Because PI stains both eDNA and intracellular DNA of bacteria with compromised wall integrity, the PI data from PAO1DwspF biofilm alone is inadequate to draw any conclusion. To address this, live cell imaging with TOTO-1 and PI was performed in PAO1DwspF (Figure 2C) . Unlike heat-killed PAO1DwspF, evidence of PI À bacteria showing TOTO-1 staining supports the fact that PAO1DwspF possess a distinct mechanism of extruding DNA without undergoing lysis as commonly seen in PAO1 ( Figure 2C , Videos S4 and S5).
HAADF-STEM imaging and tomography provides unprecedented insight into the ultrastructure of a wildtype and its corresponding hyperbiofilm variant. In PAO1, heterogeneous mixture of globular debris was abundant in EPS (Figures 2B and S3A, Video S6) . In contrast, EPS of PAO1DwspF biofilm showed thread-like structures associated with vesicular structures (Figures 2B bottom right, S3A right, Video S6). The observed heterogeneous mixture of globular debris in PAO1, which appears white in HAADF-STEM images, was sensitive to DNaseI treatment supporting the notion that it is eDNA ( Figure S3C ). In PAO1, DNaseI treatment completely eliminated all globular debris-like structures and compromised the structural integrity of the biofilm to a point where fixation of samples for HAADF-STEM imaging was challenging ( Figure S3B ). In the few cases wherein samples could be processed, distorted morphology of individual PAO1 bacteria were observed ( Figure S3C ). In cases wherein the structural integrity of the PAO1 biofilm was completely lost, the sloughed off samples were pelleted by centrifugation. Such pellets were processed for STEM imaging as described. Of note, the resulting images provided information on the content of each sample and not on its structure ( Figure S3D ). Elimination of the globular debris-like structures following DNaseI treatment was evident ( Figure S3E ). This observation further supports the conclusion that the heterogeneous mixture of globular debris was eDNA. However, unlike the PAO1 biofilm, the PAO1DwspF biofilm was resistant to DNaseI treatment ( Figure S3B ). Following DNaseI treatment, PAO1DwspF biofilm retained appreciable structural integrity including some DNaseI-resistant structures in the EPS ( Figure S3C ). These retained structures associated with aggregates of vesicular structures only in the EPS of PAO1DwspF (area pointed by red arrow in Figures S3C, S3F , and S3G). Thus, there are clear differences in the structural characteristics of the biofilm of the wild-type and its variant.
eDNA in PAO1DwspF Biofilm Represented Only Part of PAO1DwspF Genome DNA Explosive lysis of P. aeruginosa contributes eDNA to EPS of PAO1 (Turnbull et al., 2016) . Thus, wholegenomic DNA was expected in the EPS of a PAO1 biofilm (Allesen-Holm et al., 2006) . Interestingly, abundance of eDNA in the biofilm of PAO1 and PAO1DwspF was comparable ( Figures 3A and 3B ). Our findings on PAO1, the wild-type reference strain of this study, showed that indeed the eDNA of PAO1 biofilm was intact and represented the entire genome . Compared with PAO1 biofilm, eDNA of PAO1DwspF biofilm was mostly fragmented ( Figures 2D and 3E ) with size range of 25-400 bp ( Figure S4 ). In the context of evidence on DNA extrusion from live PAO1DwspF bacteria and lack of entire genome representation in the eDNA ( Figures 3C-3E ) it is concluded that these hyperbiofilm bacteria are capable of contributing eDNA to the extracellular compartment without necessarily having to go through the suicidal path of explosive lysis. In this process, abundant eDNA is deposited as needed for biofilm structure. In the context of hyperbiofilm PAO1DwspF bacteria, an important question that arises is whether the eDNA is fragmented within the cell and then exported or whether intact DNA exported by the live cell undergoes fragmentation in the extracellular space. In the current work, next-generation sequencing of eDNA from the PAO1 biofilm was identical to that from the PAO1 genome ( Figure 3E ), supporting the previously reported observation of explosive lysis of PAO1 (Turnbull et al., 2016) . PAO1DwspF biofilm did not follow that pattern. In this case, the eDNA showed little resemblance to the PAO1 genome ( Figure 3E ). This observation becomes even more interesting considering the fact that both total eDNA content and DNase activity were comparable in the EPS of PAO1 and PAO1DwspF biofilms ( Figures 3A and 3B ). These observations led us to test the hypothesis that unlike PAO1, hyperbiofilm-forming PAO1DwspF bacteria possess the unique ability to extrude DNA fragments as part of bolstering their biofilm structure.
Interaction of Fragmented DNA with EPS Protein Results in Formation of Robust Biofilm
In the current work, addition of EPS from PAO1DwspF to PAO1 augmented biofilm formation. However, addition of EPS from PAO1 to PAO1DwspF did not influence its biofilm-forming ability (Figures S5A and S5B). To elucidate the functional significance of EPS component eDNA in biofilm formation, intact genomic DNA was isolated from PAO1 and subjected to DNaseI digestion ( Figure S5C ). Addition of this fragmented DNA to PAO1 showed no significant change in bacterial growth curve when compared with addition of intact DNA to PAO1 ( Figure S5D ). However, such addition of fragmented DNA accelerated biofilm formation in PAO1. Compared to addition of intact DNA, fragmented DNA showed clear enhancement of biofilm formation ( Figures 4A and S5E ). Most biofilm matrix proteins stain positive with SYPRO Ruby (Ahire et al., 2016) . Compared to intact DNA, fragmented eDNA was more effective in interacting with biofilm matrix proteins ( Figures 4B and S5F ). Consistently, crystal violet assay for biofilm quantification supported the same conclusion demonstrating that fragmented DNA enhanced biofilm formation ( Figure 4C ). DNA is known to possess adhesive property, which facilitates interaction with other biomolecules to ensure structural integrity of the biofilm (Okshevsky and Meyer, 2015) . Observations of the current study lend credence to the notion that fragmented eDNA, as opposed to intact DNA, provides additional advantage to the process of biofilm formation. Interestingly, hyperbiofilm bacteria utilize this edge to their advantage.
Bacteria with hyperbiofilm characteristics employed fragmented eDNA to achieve better interaction with macromolecules in the EPS ( Figures 4D-4F ). To test the significance of such interaction in biofilm formation, the EPS isolated from PAO1DwspF biofilm was incubated with aurine tricarboxylic acid (ATA), a pharmacological inhibitor of protein-nucleic acid binding (Gonzalez et al., 1979) . ATA significantly compromised the biofilm-forming ability of PAO1 ( Figure S6A ). Protein-nucleic acid binding played a significant role in biofilm formation by RSCV (Figures 4D-4F and S6B). However, ATA did not affect bacterial growth as evident from PAO1DwspF growth curve ( Figure S6C ). Specifically, ATA limited protein-nucleic acid interaction in PAO1DwspF biofilm (Figures 4F and S6D) .
DISCUSSION
P. aeruginosa RSCVs cause persistent infection, because they are recalcitrant to antibiotics and host immune cells (Proctor et al., 2006; Evans, 2015; Pestrak et al., 2018) . Structural characteristics of bacterial biofilm contribute to their pathogenicity (O'Connell et al., 2006) . This work is the first to compare the biofilm ultrastructure of a parent strain of P. aeruginosa with an isogenic RSCV. While commonly used confocal laser scanning microscopy or SEM techniques to understand biofilm structure are of value (Azeredo et al., 2017; Lawrence and Neu, 1999; Schlafer and Meyer, 2017) , they are somewhat limited in resolution. This work reports the first evidence for the presence and distribution of two distinct bacterial populations, apical bacteria white and basal bacteria gray , in the PAO1DwspF biofilm. The distribution of these two distinct bacterial populations in the PAO1DwspF biofilm was not only morphological but also physiological.
Findings of this work demonstrate that the oxygen consumption of basal bacteria gray was elevated compared with that of the apical bacteria white population. These data were consistent with the previous report from the spatial distribution of Escherichia coli macrocolony biofilms (Serra and Hengge 2014). According to that report, bacteria in the basal region were dividing with minimal ribosomal synthesis, whereas bacteria in the apical region displayed limited cell division yet robust ribosomal synthesis (Serra and Hengge 2014). This work reports the first identification and separation of these two distinct bacterial populations.
A growing body of research now acknowledges the presence of extracellular forms of DNA and their role as important structural components of the biofilm matrix (Bockelmann et al., 2006) . Previously, eDNA was thought to result largely from the lysis of cells or release of plasmids. However, seminal studies by Whitchurch et al. showed that eDNA is a major component of the P. aeruginosa EPS (Whitchurch et al., 2002) . Hence, we looked for the composition and origin of eDNA present in the EPS as a variable for biofilm stability in PAO1DwspF compared with PAO1. The formation of a biofilm also relies on the structural proteins that provide the three-dimensional architectural integrity and functionality (Hobley et al., 2015) . Negatively charged eDNA interacts with positively charged proteins (Dengler et al., 2015) and polysaccharide (Wang et al., 2015; Jennings et al., 2015) to form the structural backbone of the bacterial biofilm. How eDNA stabilizes the P. aeruginosa biofilm structure and contributes to antimicrobial tolerance remains unclear. This work recognizes the fact that intact bacterial DNA presents itself as eDNA in PAO1 biofilm supporting the contention that such DNA is delivered by bacterial cell lysis. Explosive lysis of P. aeruginosa has been shown to be responsible for eDNA contents of biofilm (Turnbull et al., 2016 identified gdpP and xdrA that are involved in the release of eDNA (DeFrancesco et al., 2017) . Whether, unlike PAO1, viable non-lytic PAO1DwspF is capable of digesting part of its own DNA and extruding such digest to support the biofilm structure needs further investigation.
Consistent with the notion that eDNA provides critical support to the biofilm structure, DNaseI treatment compromised PAO1 biofilm. In contrast, the structural integrity of PAO1DwspF biofilm was mostly unaffected by such enzymatic treatment. After DNaseI treatment, although eDNA was removed at the basal region, thread-like eDNA persisted from the middle to the apical region of the PAO1DwspF biofilm. Emerging studies reveal that interaction between eDNA and other EPS components may stabilize biofilm structure (Schwartz et al., 2016; Hu et al., 2012; Jennings et al., 2015; Das et al., 2013b) . For example, pyocyanin, a metabolite of P. aeruginosa, interacts with eDNA enhancing bacteria cell aggregation (Das et al., 2013a) . In P. aeruginosa biofilm, negatively charged eDNA and positively charged Pel polysaccharide are cross-linked by ionic forces (Jennings et al., 2015) . The Psl-eDNA fiber-like structure helps to form the biofilm skeleton in P. aeruginosa (Wang et al., 2015) .
Biofilms are more susceptible to antibiotics after eDNA is removed by DNase (Kaplan et al., 2012; Tetz et al., 2009) . Although DNaseI treatment did not dismantle the biofilm structure of PAO1DwspF, it was helpful in separating bac light and bac heavy cells, pointing toward a potential role of eDNA in the adhesion of these cells. In P. aeruginosa, addition of eDNA enhances biofilm structure (Yang et al., 2009 ). On the other hand, addition of excessive eDNA may inhibit planktonic bacteria growth and biofilm formation (Mulcahy et al., 2008) . In this work, cell growth of P. aeruginosa was not altered in the presence of digested DNA at a concentration of 100 ng/mL ( Figure S5D ). Interestingly, addition of genomic DNA digest increased DNA-protein interaction and accelerated biofilm formation. Indeed, nucleoid-associated proteins are known to connect eDNA strands in Haemophilus influenzae biofilm (Goodman et al., 2011) . Targeting eDNA-protein interactions disperses Burkholderia cenocepacia biofilms (Novotny et al., 2013 ) . Proteomic findings of this work revealed the co-existence of higher abundance of nucleic acid-binding protein and fragmented eDNA at the apical bacteria white region. Inhibition of DNA-protein interaction with ATA blunted biofilm formation by PAO1DwspF.
STEM images reported herein provide unprecedented comparative insight into the structure of prototypical P. aeruginosa and its isogenic RSCV strain PAO1DwspF. This work reports the first evidence for the presence and segregated distribution of two distinct bacterial populations, apical bacteria white and basal bacteria gray , in the PAO1DwspF biofilm. These bacteria were not only phenotypically different but also showed difference in oxygen consumption rate. Furthermore, resistance to DNase digestion in RSCV was attributed to the fact that the eDNA in the EPS was fragmented. The strategy to inhibit protein-DNA interaction using ATA was effective in dismantling biofilms formed by RSCV. Taken together, this work provides unprecedented visual cues into the structure of biofilm formed by P. aeruginosa upholding clear structural as well as functional differences between wild-type and its hyperbiofilm variant.
Limitations of the Study
Study of the PAO1DwspF led to the observation of two different bacterial subpopulations displaying distinct spatial organization in biofilm aggregates. Previous studies have reported explosive lysis of wild-type P. aeruginosa that contributes eDNA to EPS (Turnbull et al., 2016) . We have reproduced that observation in PAO1. However, such explosive lysis was not observed predominantly in the PAO1DwspF. Live cell imaging and NGS data support that hyperbiofilm-forming PAO1DwspF bacteria possess the unique ability to extrude DNA fragments from living bacteria as part of bolstering its biofilm structure. These novel observations are based on the study of a single strain that was selected because it is a clinical isolate and therefore of relevance to human health care. Although in our observation we have not noted explosive lysis of PAO1DwspF bacteria, the possibility that different P. aeruginosa in other habitats may undergo explosive lysis remains open. We acknowledge that our data may be specific to this clinical isolate and that different P. aeruginosa may behave differently. Results of this work introduce a new paradigm wherein specific details such as aggregate size and organization may vary across different strains.
Bockelmann, U., Janke, A., Kuhn, R., Neu, T.R., Wecke, J., Lawrence, J.R., and Szewzyk, U. Transparent Methods Bacterial strain. P. aeruginosa prototypical strain PAO1 and its isogenic RSCV PAO1ΔwspF were used in this study. Under laboratory conditions, emergence of RSCVs relies on loss-of-function mutations in the methylesterase-encoding gene wspF (Pu et al., 2018) . Cultures were routinely grown on Luria-Bertani (LB) agar or in LB broth.
In vitro biofilm. In vitro PAO1 and PAO1ΔwspF biofilm were developed on a 10 mm polycarbonate membrane (PCM) filter as described previously (Banerjee et al., 2015) . Briefly, following overnight culture in LB medium at 37°C, the bacteria were inoculated on sterile PCM filters placed on trypticase soy agar (TSA) (Catalog No: 22091, Sigma-Aldrich, USA) plates. The plates were incubated at 37°C for 24h, after which the PCMs were transferred to a new TSA agar plate. The PCM filters were kept for additional 24h for the biofilm to mature.
Treatment of in vitro biofilm.
In some experiments, the 48h matured biofilm was treated with RNase free DNaseI (Roche, 04716728001) for 30 min at 37°C prior to sample processing. The 1X buffer (Roche, 04716728001) without the DNaseI (Roche, 04716728001) was used as vehicle control. In other set of experiments, we treated the 48h biofilm cultures with 0.5µM ATA (aurintricarboxylic acid) (A1895 Sigma) for 30 min at 37°C. For PAO1 and PAO1ΔwspF biofilm assays, a time point of 12h and 24h was chosen.
Bacterial growth curve. P. aeruginosa PAO1 and PAO1ΔwspF were cultured in Luria-Burtani (LB) medium at 37°C in round bottom tubes with continuous shaking at 300 rpm. The optical density of the media at 600 nm was recorded over different time points with or without treatments and plotted graphically.
Scanning transmission electron microscopy (STEM) sample preparation. Biofilms were primarily fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.15M-cacodylate buffer. After washed three times with 0.15M-cacodylate buffer, the primarily fixed biofilms were post-fixed with 2% reduced osmium tetroxide. The biofilms were then washed with distilled water and further stained with 1% uranyl acetate. The stained samples were dehydrated in an increasing series of ethanol (30%, 50%, 70%, 80%, 90%, 2×100%) for 15 min each. After dehydration, samples were immersed in 1:0, 3:1, 1:1 and 1:3 acetone/resin for 60 minutes each and then kept in 100% resin overnight. Lastly the samples were transferred in fresh 100% resin and incubated at 65°C for 2 days to form a polymerized resin block. 90nm ultra-fine sections were cut from the resin block using a Reichert-Jung (Leica, Wetzlar, Germany) Ultracut E ultramicrotome. The thin sections were picked up with a loop and put on 400 meshes copper grids. For tomography, 500 nm thick sections were cut and put on copper grids with parallel bars. The thick sections were oriented so that the biofilm-growing base was perpendicular to the parallel bar. The copper grids with resin-embedded samples were air dried and then coated with 3nm thick amorphous carbon on both sides.
STEM image acquisition.
Electron micrographs were collected in STEM mode on a Tecnai F20 S/TEM (Thermo Fisher Scientific, Hillsboro) with high angle angular dark field (HAADF) detector. Microscope was operated at an acceleration voltage of 200kV using Tecani Imaging and Analysis (TIA) software. Images size was 2,048×2,048 pixels. Exposure time was 25s. STEM Tomography and data processing. STEM tomography was collected on the FEI probe-corrected Titan3™ 80-300 S/TEM (Thermo Fisher Scientific, Hillsboro). The microscope was operated at an acceleration voltage of 300kV. Images with 2,048×2,048 pixels were recorded with HAADF detector. Singleaxis tilt series ranging from -65° to 65° with 1° interval steps were recorded by using the FEI Xplore3D software (Movies S7-8). Sample tilting, focusing and image shift correction were controlled by Xplore3D software. STEM dynamic focus was activated to ensure areas of interest are imaged in focus even at high tilt angles. Tracking was set after exposure. Tomographic tilt series were aligned and reconstructed using IMOD software package (University of Colorado). 3D reconstruction was built by weighted back-projection method. Images were visualized using IMOD, Chimera and Avizo software's. Movies were made using Avizo software.
Scanning electron microscopy. Scanning electron microscopy was performed on the in vitro biofilm as described previously (Banerjee et al., 2015) . Briefly, the biofilm on PCM filters were fixed in 4% formaldehyde / 2% glutaraldehyde solution for 48 hours at 4°C, and subsequently dehydrated in graded ethanol series. The samples were mounted on an aluminum stub and were sputter coated with goldpalladium (Au/Pd) and imaged under the scanning electron microscope (XL 30S; FEG, FEI Co., Hillsboro, OR) operating at 5 kV in the secondary electron mode.
Density gradient centrifugation of in vitro biofilm of PAO1 and PAO1ΔwspF. 48h in vitro biofilm of PAO1 and PAO1∆wspF were gently vortexed in 1 ml sterile PBS for 30s to make homogenous mixture. 20 ml Ficoll (Ficoll® Paque Plus, GE17-1440-03 SIGMA) was taken in a 50 ml centrifuge tube. The bacterial suspension was slowly poured on the Ficoll and the tube was centrifuged at 1800 g for 20 min. The supernatant and pellet were taken separately in new tubes. The supernatant was centrifuged at 12,000 g for 10 min at 4°C to collect the bacteria. Bacteria obtained from both supernatant and pellets were washed three times with sterile PBS. The bacterial pellet was then immediately processed for protein isolation. The total protein concentration was quantitated using BCA assay (Pierce, # 23228).
Fluorescence staining of biofilm and confocal microscopy: Biofilms were washed three times with sterile PBS. The density and architecture of the extracellular polymeric substances (EPS), referred to here as "extracellular matrix," was stained with 100 mg/ml FITC-conjugated Hippeastrum Hybrid Amaryllis lectins. (HHA; specific for Psl) for two hours at 4°C (Baker et al., 2015) . The biofilms were then washed and fixed with 4% paraformaldehyde. Prior to imaging, the biofilms were stained with DAPI. For detection of extracellular DNA, TOTO™-1 iodide staining (ThermoFisher Scientific, Cat # T3600; dilution 1:1000) was done (Turnbull et al., 2016) . Confocal microscopy was performed using Olympus FV1000 filter confocal system at 40x, N.A. 0.45 objective lens (Olympus America Inc, Melville NY). Live cell imaging was done with LSM880 laser scanning confocal microscope.
For the live dead staining of the bacteria, 48h biofilms were incubated for 30 min with a solution containing Syto Green (live) and propidium iodide (dead) (Invitrogen) as per manufacture's instruction. For the study of biofilm matrix, 48h biofilms were incubated for 45min with a solution containing Film Tracer SYPRO Ruby dye (Invitrogen) as previously described (Yi et al., 2011) , with minor modifications. SYPRO Ruby fluorescence images were acquired by Olympus FV1000 filter confocal microscope with excitation at 457nm and emission at 610nm. After z-series acquisition, a z image through the image stack, perpendicular to the substrate, was generated.
Bacterial oxygen consumption assay. The XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to quantitate oxygen consumption rates (OCRs) as described previously. Briefly, 48h after biofilm were disrupted and separated using density gradient centrifugation. The separated fractions were diluted to an OD600 of ∼0.3. Cells were added to XF Cell Culture Microplates pre-coated with poly-D-lysine (PDL). Cells were centrifuged for 10 min at 1,400 × g in a Multifuge ×1R (M-20 rotor) to attach them to the precoated plates. After centrifugation, 160μL of fresh media was added to each well. Extracellular Polymeric Substance (EPS) isolation: EPS was isolated and purified from in vitro biofilm as mentioned by Bales et al. with some modifications (Bales et al., 2013) . Briefly, 48h old in vitro biofilm was transferred into 500μL of PBS (phosphate buffered saline), and vortexed. Complete recovery of EPS was done by vortexing at least for three times. PCM membrane was discarded after recovery of EPS. 37.5% of formaldehyde was added into the cultured solution and incubated for 1 hour at room temperature on shaker (100 rpm). The treated solution was mixed with 1M sodium hydroxide and incubated for 3h at room temperature. This solution was centrifuged at 16,800g for 1 hour at 40°C. Supernatant was filtered through 0.2μm filter. EPS was stored at -80°C for further use. Sterility of purified EPS was checked by spreading 50μL of EPS on TSA agar plates followed by incubation at 37°C for 48 hours. For normalization, the total polysaccharides in EPS was measured by total carbohydrate assay kit (Sigma Aldrich, USA) following manufacture's instruction. The whole EPS was electrophoresed on 1% agarose gel for visualizing the EPS DNA. In some experiments, the DNA was extracted from EPS using GenElute TM miniprep binding column (Sigma-Aldrich, USA) and subjected to EPRS analysis using Agilent high sensitivity D1000 tape station.
DNase assay of EPS. The DNase activity of the EPS isolated from PAO1 and PAO1ΔwspF biofilm were measured using the DNaseAlert™ QC System (Invitrogen) as per manufacturer's protocol.
Crystal violet assay for biofilm quantification. P. aeruginosa (PAO1 and PAO1ΔwspF) were cultured in Luria-Bertani (LB) medium at 37°C in pre-sterilized 96 well flat bottom polystyrene micro-titre plates in triplicates as described previously (O'Toole, 2011) with modifications. Briefly, old media was discarded, and biofilm was washed three times with PBS and air-dried. Biofilm was stained with 200 μl of crystal violet solution (Fisher Scientific, S25275B) (0.1%) and incubated at 37°C for 15 minutes. The excess crystal violet was removed from wells and washed three times with PBS. 200μl of 70% ethyl alcohol was added in each well. Plate was incubated at 37°C for 10 minutes. Biofilm growth was monitored in terms of O.D570 nm using micro plate reader.
Genomic DNA isolation and agarose gel electrophoresis. Genomic DNA from PAO1 and PAO1ΔwspF was isolated by GenElute TM Bacterial Genomic DNA Kit (Sigma-Aldrich, USA) following manufacturer's instructions. 1.5 mL of 10 6 CFU mL -1 logarithmic bacterial broth culture was taken for genomic DNA isolation. The bacterial cells were pelleted by centrifuging the tube at 12,000-16,000 g for 2 min. The pellet was resuspended in 180μL of lysis solution followed by gentle vortex. 20μL of RNase A was added to the solution and incubated for 2 min at room temperature. 20μL of proteinase K was added to the solution and incubated at 55°C for 30 min. 500μL of column preparation solution was added to each column and centrifuged at 12000 g for 1 minute. 200μL of ethanol was added to the cell lysate and mixed by vortexing for 10 s. The entire solution was transferred into the column and centrifuged at 6500 g for 1 min. The flow though was discarded, and the column was rinsed with 500μL of wash solution 1. The column was further washed with wash solution and centrifuged at 12000-16000 g for 3 min. 200μL of elution buffer was added to the column and incubated for 5 min at room temperature. Genomic DNA was eluted following centrifugation of the column at 6500 g for 1 min. Further the genomic DNA was visualized on 0.8% agarose gel and analyzed by EPRS using Agilent genomic DNA tape station.
Next Generation Sequencing: PAO1 and PAO1ΔwspF EPS DNA samples were isolated and quality check was performed by Qubit DNA Assay Kit. All samples passed internal quality control. The samples were subjected to fragmentation, adaptor addition, with final QC by Agilent 2100 Bioanalyzer and real-time PCR quantification. Whole Genome Sequencing (8 Million reads, 2x75bp, PE) was performed. The reads were first trimmed for adaptor sequences and error corrected. Genome assembly was performed using SPAdes. Genomic DNA of PAO1 and PAO1ΔwspF were also sequenced and compared with PAO1 reference sequence (accession number: NC_002516) showing high synteny with the reference sequence ( Figure S1 ,2), indicating the assembly quality was adequate for subsequent analysis. Coverage analysis of each genomic region was performed. The average coverage for each EPS DNA was found to be around 300x. Read coverage was then compared between PAO1 EPS and PAO1ΔwspF EPS sample. Figure 3C shows sorted alignment with PAO1 reference sequence DNA digestion. The genomic DNA isolated from PAO1 and PAO1ΔwspF strains were subjected to DNA digestion using RNase free DNaseI (Roche, 04716728001) for 30 min at 37°C. The DNA was purified to remove the DNaseI and 500 ng of either this digested DNA or intact DNA (without DNaseI treatment and purification) was added to the bacterial culture on PCM.
Statistical analysis. Samples were coded and data analysis was performed in a blinded fashion. Data were reported as mean ± SD. All experiments were performed at least three times. Student's t test (twotailed) was used to determine significant differences. Comparisons among multiple groups were tested using analysis of variance (ANOVA). p<0.05 was considered statistically significant.
